The thermoelectric power (TEP) of single-walled carbon nanotubes (SWNTs) is extremely sensitive to gas exposure history. Samples exposed to air or oxygen have an always positive TEP, suggestive of holelike carriers. However, at fixed temperature the TEP crosses zero and becomes progressively more negative as the SWNTs are stripped of oxygen. The time constant for oxygen adsorption / desorption is strongly temperature dependent and ranges from seconds to many days, leading to apparently "variable" TEP for a given sample at a given temperature. The saturated TEP can be accounted for within a model of strong oxygen doping of the semiconducting nanotubes. PACS numbers: 72.15.Jf, 71.20.Tx, 72.80.Rj, 81.05.Tp Thermoelectric power (TEP) is an extremely sensitive and incisive transport coefficient. Because it is related to the energy derivative of the electrical conductivity probed at the Fermi energy, it yields directly the sign of the charge carriers within a metallic conductor. For a semiconductor, the TEP probes the sign of the dominant carriers as well as the energy gap magnitude. Single-walled carbon nanotubes (SWNTs) [1] typically cluster in crystalline bundles or "ropes" [2] , where each bundle comprises an apparently random collection of metallic and semiconducting nanotubes. Thus, one expects transport measurements of SWNT bundles to reflect this parallel metal/semiconductor combination. The TEP of SWNTs was measured previously by various groups [3-6] with apparently inconsistent results and with significantly different interpretations. Electron-hole symmetry breaking [3] and Kondo effects [4] are among the mechanisms that have been invoked to account for the experimental results.
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The thermoelectric power (TEP) of single-walled carbon nanotubes (SWNTs) is extremely sensitive to gas exposure history. Samples exposed to air or oxygen have an always positive TEP, suggestive of holelike carriers. However, at fixed temperature the TEP crosses zero and becomes progressively more negative as the SWNTs are stripped of oxygen. The time constant for oxygen adsorption / desorption is strongly temperature dependent and ranges from seconds to many days, leading to apparently "variable" TEP for a given sample at a given temperature. The saturated TEP can be accounted for within a model of strong oxygen doping of the semiconducting nanotubes. Thermoelectric power (TEP) is an extremely sensitive and incisive transport coefficient. Because it is related to the energy derivative of the electrical conductivity probed at the Fermi energy, it yields directly the sign of the charge carriers within a metallic conductor. For a semiconductor, the TEP probes the sign of the dominant carriers as well as the energy gap magnitude. Single-walled carbon nanotubes (SWNTs) [1] typically cluster in crystalline bundles or "ropes" [2] , where each bundle comprises an apparently random collection of metallic and semiconducting nanotubes. Thus, one expects transport measurements of SWNT bundles to reflect this parallel metal/semiconductor combination. The TEP of SWNTs was measured previously by various groups [3] [4] [5] [6] with apparently inconsistent results and with significantly different interpretations. Electron-hole symmetry breaking [3] and Kondo effects [4] are among the mechanisms that have been invoked to account for the experimental results.
Recently Collins et al. [7] reported that SWNT electronic properties, including local densities of electronic states, electrical resistance, and TEP, are extremely sensitive to the presence of oxygen. Kong et al. [8] have reported related room-temperature resistances changes upon exposing SWNTs to NO 2 and NH 3 gas. As pointed out by Collins et al., the methods commonly used to prepare SWNTs for measurement generally result in oxygencontaminated tubes, and it is not obvious that simply placing SWNTs in vacuum at room temperature (as is typically done as an initial step in TEP measurements) reverses this condition. It is thus possible that previous SWNT TEP measurements represent not intrinsic behavior but rather reflect various degrees of oxygen doping.
We here reexamine SWNT TEP with a view to identifying the true, intrinsic behavior. We find that SWNTs stripped of oxygen indeed have a very different TEP from that of "as prepared" SWNTs. Most importantly, at all temperatures the TEP of oxygen-depleted SWNT's is negative, rather than positive. By using the TEP as a probe, we determine for SWNTs explicitly the time constant for oxygen adsorption/desorption. A strong temperature dependence is found, and time constants ranging from seconds to days are observed. The temperature dependence of the "saturated" TEP is interpreted within a new model in which oxygen doping causes metallic behavior in a fraction of the semiconducting nanotubes.
SWNTs were synthesized by using conventional pulsed laser deposition or arc discharge methods as described elsewhere [1, 9] . Collections of purified [10] SWNT ropes were mounted either as free-standing "mats" or more commonly dispersed from methanol onto quartz substrates, forming thick films. The TEP was measured using a quasi-dc method in a specialized ultrahigh vacuum (UHV) chamber containing a custom-made TEP probe formed entirely from UHV-compatible materials and fitted with a residual gas analyzer. In the case of film samples, each end of the coated substrate was mechanically clamped to a copper block. A slowly varying temperature difference was applied to the sample by silicon chip heaters mounted on each block. Throughout the experiment this temperature difference was kept at 1 K or 2% of the absolute temperature, whichever was smaller. Thin gold wires were glued to the edges of the SWNT sample using silver epoxy, and thin thermocouple wires were attached to the back side of the substrate opposite the electrical contacts. The pressure inside the sample chamber could be varied by using a specified environmental gas species from atmospheric pressure to less than 10 28 torr. The temperature of the sample could be varied from 4.2 K to over 550 K, but TEP measurements were performed only below 400 K. Figure 1 demonstrates the extreme gas sensitivity and associated thermal time constant of the TEP of SWNTs. The plots show the measured TEP ͑S͒ as a function of time for two different sample temperatures T . At selected times during the run, the sample environment is switched between 1 atm O 2 and vacuum ͑,10 28 torr͒. The variable TEP shown in Fig. 1 is suggestive of a gas diffusion process, and the natural assumption is that the TEP of SWNTs is exceedingly sensitive to adsorbed oxygen. As expected, the precise time constant for TEP response in SWNTs was found to be sample dependent. Thick films displayed significantly longer time constants than did dilute thin films. The temperature dependence of the time constant reflects the binding energy of the adsorbed oxygen, which we estimate to be 5000 6 600 K. We found that the TEP of deoxygenated samples could always be restored to its original "in air" oxygenated value by introducing as little as 10 25 torr of pure O 2 . Higher pressures of O 2 decreased the relevant time constant, but did not affect the steady-state saturated TEP value. We found it difficult to reliably "tune" the TEP to selected intermediate values (such as zero) by using selected fixed pressures below 10 25 torr [11] . Of interest is the temperature dependence of the steadystate, saturated TEP of SWNTs for different oxygen coverage conditions. We explore here the reliably achieved extremes: the TEP of SWNTs in the "fully oxygenated" condition, and the TEP of SWNTs largely depleted of oxygen. Figure 2 shows S͑T ͒ for the same SWNT specimen for these two extremes. The upper curve shows S͑T ͒ under fully oxygenated conditions [12] . The TEP is always positive and extrapolates to zero as T ! 0. Notably, we see here no convincing evidence for a lower temperature bump or peak in S, as might be expected from a Kondo impurity mechanism [4] . The lower curve in Fig. 2 represents S after the sample has been deoxygenated. In this case S is always negative, with a room temperature magnitude comparable to that measured under oxygenated conditions. Again, S smoothly approaches zero as T ! 0, and no anomalous low temperature bump or peak is observed. Interestingly, the functional forms of S͑T ͒ for fully oxygenated and deoxygenated SWNTs appear to be rough "mirror images" of one another, reflected about the horizontal axis. We have observed this apparent symmetry, suggestive of a universal jS͑T͒j, in all of the SWNT samples that we have measured. This similarity suggests that a common mechanism may account for the TEP of both oxygenated and deoxygenated SWNTs.
Different SWNT TEP models have been proposed, which we briefly review and discount in light of the data presented above. We first note that the observed TEP of SWNTs is much larger in magnitude than that of graphite ͑ϳ5 mV͞K͒ [13] . Graphite-intercalation-based effects [14] are not applicable to SWNTs stripped of intercalants FIG. 2 . The temperature dependence of thermopower for a single sample in its "oxygenated" and "deoxygenated" states.
by high temperature, high vacuum treatments. We do not observe Kondo peaks [4] in the TEP, and so rule out a Kondo-based mechanism. An obvious possibility previously considered is a simple two-band model in which the total TEP is a parallel combination of TEPs from semiconducting and metallic tubes [3, 5] . The TEP curves of Fig. 2 can be fit reasonably well using such a model, but the fitting parameters are less than satisfactory in several respects. The extracted semiconducting tube energy gap values of 10-20 meV are significantly smaller than observed in single-tube transport [15, 16] and scanning tunneling spectroscopy measurements [17, 18] . This model consequently predicts conductances for the semiconducting tubes that are considerably larger than typical observations [19] . Similarly, the model predicts an unphysically large TEP magnitude (tens of mV͞K at room temperature) for the metallic tubes. Within this model the measured magnitude of the (temperature dependent) TEP is due to a near cancellation of very large metallic and semiconducting TEPs of opposite sign, a situation we regard as unlikely.
Our new model calculations below, for the effect of oxygen on nanotubes, provide a consistent explanation for the thermopower of SWNTs. We expect that oxygen exposure will have little direct effect on metallic armchair nanotubes. In order to investigate the effect of oxygen doping on semiconducting nanotubes, we carried out pseudopotential first principles calculations on an oxygen-doped (8,0) semiconducting nanotube [20] . O 2 is found to bind to the nanotube with an adsorption energy of about 0.3 eV, in reasonable agreement with our measurement of 0.4 eV. Our band structure shows that O 2 molecular levels lie at the top of the valence band of the carbon nanotube and overlap slightly with carbon states. About 0.1 electron transfers from the nanotube to an oxygen molecule, supplying hole carriers to the nanotube. Figure 3 shows the calculated density of states (DOS) of an oxygen-doped (8,0) tube. The intrinsic DOS, not shown in the figure, features a gap of 0.6 eV centered on the Fermi level at zero energy. As the oxygen molecule breaks the symmetry of the nanotube, the twofold degenerate valence bands split and give two peaks in the density of states. Near the Fermi level, the DOS of the doped semiconducting tube can be written as
where D is the bandwidth ͓ϳO͑1͒ eV͒ and e 0 is the center of the band energy. The oxygen doping significantly enhances the conductivity of the semiconducting nanotubes [20] . As a crude estimation, we found that the conductivity of semiconducting tubes at moderate oxygen doping can be comparable to that of graphite [21] . The TEP of the mats can then be written as [22] FIG. 3. Calculated density of states for an (8,0) nanotube doped by adsorbed oxygen molecules.
where the constant C accounts for the small thermopower of the normally metallic tubes, D s is the DOS for the semiconducting tube, and D 0 s is the derivative of D s with respect to energy at the Fermi level. The a denotes the ratio of the conductivity of the semiconducting tubes to the total conductivity of tube mats. We have used a metallic TEP expression for the semiconducting nanotubes because the strong oxygen interaction produces states at the Fermi level.
By using Eq. (1) for the DOS of the semiconducting tubes, the second term in the TEP is
where d D 2 ͑m 2 e 0 ͒. When the chemical potential m is near the band edge, the magnitude of S s can be very large. At room temperature, the second term in S is estimated to be about 60 mV͞K with d ϳ 0.01 eV and a ϳ 0. 2 [23] . This magnitude agrees well with the data in Fig. 2 , suggesting that the first term in S, which is due to the metallic armchair nanotubes, is relatively small. This is reasonable since they have smooth DOS and electron-hole symmetry. The value of a for a particular sample will depend on the fraction of semiconducting tubes. Our model therefore provides a natural explanation for the different magnitudes of S that are observed [3] [4] [5] .
Because of the weak hybridization, the DOS of the carbon bands has a tail above the peak of the DOS. By changing the pressure of oxygen, we vary the doping level of the tubes, moving the Fermi level. Because the sign of S s depends on that of D 0 s , the sign of the measured TEP changes ‫ء‬ h of holes in semiconducting tubes is estimated to be ϳ0.1m e . We assume the relaxation time to be similar to that in graphite.
[22] Frank J. Blatt, Thermoelectric Power of Metals (Plenum, New York, 1976).
[23] The conductivity of the semiconducting tubes scales with carrier density, which is in turn determined by the position of the Fermi level. Therefore this particular choice of parameters is unimportant; the change in a would compensate a change in d.
